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CONTROL AND DRIVE CIRCUIT ARRANGEMENT FOR ILLUMINATION 
PERFORMANCE ENHANCEMENT WITH LED LIGHT SOURCES 



FIELD OF THE INVENTION 



The invention relates to backlighting of display panels, including the backlighting in 
LCD panels. 



A backlight is typically used to illuminate an LCD panel for information display. A 
typical LCD, such as an active matrix LCD, is comprised of liquid crystal disposed between two 
substrates. Adjacent to one substrate is a thin film common electrode and adjacent to the other is 
an array of thin film electrodes. Each electrode in the array is connected to one or more thin 
active elements and address lines, which serve to regulate the voltage applied to the electrode. 
The liquid crystal disposed between each pixel electrode and the common electrode comprises a 
pixel of the LCD. The electrode of the array for a given pixel is referred to below as a "pixel 
electrode". 

In general, liquid crystal of a pixel of an LCD will pass incident light because of a helical 
alignment of the liquid crystal molecules working in conjunction with other optical elements. 
When a voltage is applied between a pixel electrode and the common electrode, for example, via 
the address lines and the active elements, the helical alignment of the liquid crystal is removed or 
modified and light is impeded or prevented from passing through the pixel. 

The liquid crystal itself does not generate light, but instead either passes or impedes the 
passage of light as described above. Thus, a "backlight" is typically provided for the LCD, 
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which provides light to the pixels of the LCD. Since the backlight is typically a white light 
source, for a color LCD each "pixel" is generally comprised of three separate pixels or "sub- 
pixels" covered with a red, green and blue filter. The color displayed by each pixel is controlled 
by the light emitted by each of the three sub-pixels, which is a function of the voltage between 
the pixel electrode (or, the "sub-pixel electrode") for each sub-pixel. 

The backlight provided to the LCD is, as noted, typically a white light source. It is 
generally desirable to have as constant an intensity as possible across the LCD panel to present a 
highly uniform image on the display. Fig. 1 depicts a basic design of a backlight 10 that uses a 
parabolic reflector 12 with a fluorescent light 14 positioned at the focal point of the reflector 12. 
The light rays from the light are thus reflected by the reflector 12 normal to a diffusion surface 
16, which provides a more uniform distribution of light intensity emitted by the surface 16. 

The backlight assembly 10 of Fig. 1 is impractical for some applications of an LCD panel 
because of the width required by the parabolic reflector 12. Referring to Fig. 2, a basic 
backlighting arrangement of an LCD panel 42 of a low-profile PC 40 is shown. The backlight of 
the LCD panel 42 is provided by two thin fluorescent lights 44a and 44b that reside at the edges 
of the LCD panel 42 within the thin display portion 46 of the PC 40. Light foils and guides (not 
shown) as known in the art serve to distribute the light from the fluorescent lights 44a, 44b that 
enters the edge of the LCD panel 42 so that it is relatively uniformly distributed among the pixels 
of the LCD panel 42 and is directed toward the viewing surface of the LCD panel 42 shown in 
Fig. 2. 

The state of the art usage of fluorescent lighting as a backlight is based on cold cathode 
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fluorescent lamp (CCFL) technology with high frequency (HF) inverter circuits. A limitation 
that arises, however, is that these backlighting systems typically produce white light having a 
pre-set color point. The relative amounts of light output of various color components (for 
example, red, green and blue) by the CCFL cannot be regulated by means of the drive electronics 
or in any other way it is generated. (The relative amounts of light output of various colors, in 
particular, the relative amounts of red, green and blue light output, will be referred to below as 
the "color content". It is also related to the color point of the output in the backlight.) The CCFL 
backlight has limited potential in providing even rudimentary support of a video output, such as 
providing a variable color for a displayed image. 

In addition, the CCFL would offer little potential for assistance in displaying a high 
quality image, such as a video feed with moving objects, on an LCD display. A typical response 
time of present LCDs (including drive circuitry) is on the order of 50 ms, whereas a video frame 
rate is on the order of 120 Hz, or a frame period on the order of 8.3 ms. Since the frame period is 
much less than the response time of the LCDs, the LCD panel suffers from certain artifacts in 
displaying fast moving video images. One way to reduce or remove the artifacts is to switch the 
LCD backlight on and off over a time interval that is a fraction of the frame period. However, 
present high frequency inverters and CCFLs have an on/off response time greater than 5 ms. 
Thus, the CCFL cannot be switched fast enough to eliminate the artifacts from the video 
displayed on the LCD display. Thus, CCFL technology offers limited potential as a high quality 
LCD panel backlight. 
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SUMMARY OF THE INVENTION 

The invention comprises an LED backlight for an LCD display. The backlight may 
comprise, for example, an array or bank of red, green and blue ("RGB") LEDs positioned 
adjacent to the rear substrate of the LCD, along with associated drive circuitry (including drive 
electronics). It may alternatively comprise an array or bank of RGB LEDs positioned adjacent to 
one or more sides or edges of the LCD, along with associated drive circuitry. As known in the 
art, waveguides or other optical elements direct the red, green and blue light generated to each 
pixel of the LCD. The LED backlight provides a simpler design that facilitates thin panel 
manufacture. It may also reduce or eliminate the need for certain optical elements required in 
side or edge backlighting, also facilitating manufacture. 

An RGB LED backlight can be driven to provide white light. This, of course, provides 
the necessary backlighting for the LCD. In addition, the LEDs of one color may be momentarily 
driven at relatively higher or lower levels (or for a longer duration), thus altering the color point 
of white light produced and/or enhancing or diminishing a particular color content in the 
backlight (or portions thereof) momentarily or for a longer duration. Also, the LEDs of three 
colors can be driven simultaneously at different levels and ratios, thus producing different white 
color points. Thus, the color point and/or color content of the LED backlight may be maintained 
and controlled during, for example, a change in intensity of the backlight. The LED backlight 
may also be used dynamically in the display of an image generated by a video image signal 
stream. From the video image signal stream, the total picture light intensity may be obtained via 
histogram operation on the luminance signal Y on each pixel. The LED based backlight driver 
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uses the histogram data to adjust the backlight intensity accordingly, in order to have an extended 
contrast ratio. Accordingly, the color information of each pixel may be used to adjust the 
backlight color point in order to produce pictures with better color saturation and color balance. 

The RGB LED backlight includes drive circuitry, which may comprise a power regulated 
converter. Preferably (for example, when used as a backlight for video signal streams) the RGB 
LED backlight may be driven by a fast pulse current mode, with or without DC bias. LEDs have 
an extremely fast response time, on the order of nanoseconds. Thus, the response time of the 
light output by an LED is practically limited by the response time of the drive power supplied to 
the LED. By regulating the output of the LEDs with a power circuit which has components that 
respond in the microsecond range, the red light (for example) emitted from the red LEDs can be 
dynamically controlled in the microsecond range. For example, the drive circuitry may pulse 
modulate red light output by the red LEDs over a few microseconds The eye of the viewer 
integrates the fast pulse output of the red LEDs as an average red light output. By separately 
adjusting the average light output of the red, green and blue LEDs, the color point and/or color 
content of the LED backlight may be varied. The light output of the red, green and blue LEDs 
may be independently controlled by separate controllers which supply, for example, an 
independent pulse modulation to the current supplied to the red, green and blue pixels of the 
LED array. Use of power regulated converters having a response time less than a millisecond to 
drive the LED backlight would be sufficient in many practical applications. 

The color point and/or color content of the backlight is thus determined by the relative 
amounts of time the red, green and blue LEDs are driven and the intensities at which they are 
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driven. As noted, three independent controllers may be used, one for the red pixels, one for 
green pixels and one for blue pixels, to provide the relative light outputs. (If the red, green and 
blue pixels are driven sequentially by the LED backlight, the eye also integrates the sequence of 
red, green and blue light into the white backlighting, or, as noted above, another background 
color.) Thus, the color point and/or color content of the backlighting provided by an LED 
backlight can be controlled and changed much faster (such as on the order of microseconds for a 
fast pulse converter) than a CCFL backlight. Thus, the color point and/or color content may be 
maintained by adjusting the relative light output of the colors to compensate for changes that 
may arise (for example, when the intensity of the LED backlight is changed or when the 
temperature of the LED backlight is changed). 

The LED backlight also overcomes the disadvantages of the prior art CCFL backlights 
with respect to display of video data by an LCD display panel. As noted, the light output of the 
LED backlight has a response time on the order of microseconds using appropriate drive 
circuitry. Thus, the LED backlight may be readily switched on and off over a fraction of a video 
frame period, which is on the order of 8.3 ms (120 Hz frame rate), thus reducing or eliminating 
the artifacts created by the relatively slow response time of current LCD displays. In addition, 
because of the fast response time of the LED backlight, the color point and/or color content of 
the LED backlight may be adjusted to reflect the color point and/or color content of the video, 
something the CCFL backlight is incapable of As noted, current LCDs have a response time on 
the order of 50 ms and thus cannot display every video frame, since a frame period is on the 
order of 8.3 ms. However, since the response time of the LED backlight may be on the order of 
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microseconds, the output of the LED backlight may readily be adjusted for each video frame 
received. Thus, the color point and/or color content of the LED backlight may be adjusted to 
reflect the background color or color content of the image for each video frame received, even 
though the LCD cannot display all frames received. Thus, the LED backlight captures and uses 
some of the video data that is otherwise lost using current LCD displays. 

In addition, an LED backlight may be used to provide the color required by each pixel of 
the LCD array, thus the color filters and sub-pixels of the LCD may be eliminated. For example, 
where the RGB LED backlight is located to the side or edge of the LCD panel, red, green and 
blue light may be generated in a rapid and repeating sequence and supplied (via associated 
waveguides and other optical components) to the pixels of the LCD. Each LCD pixel of the 
display may each be addressed for each successive color in the sequence to regulate the output of 
incident red, green and blue light in appropriate amounts to create the color in the image at the 
pixel location. The viewer's eye integrates the sequence of red, green and blue light metered by 
each LCD pixel to perceive the image on the screen. 

The LED backlight may also generate one pre-set color point and/or color content, if the 
application calls for it. Thus, one or more controllers of the drive circuit may output a set of 
predetermined signals (stored, for example, in a memory) that control the LEDs to output one 
particular color. Alternatively, an LED backlight may be manufactured with the number of red, 
green and blue pixels adjusted (and/or the drive circuitry adjusted) to output a particular color 
point and/or color content and used as a backlight in particular applications. In addition, 
modular LED chips having a preset color content may be manufactured; the end user may 
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assemble such modular LED chips in order to make a backlight having the color content desired. 
Also, the modular LED chips may have independent control terminals so that the color point 
generated from each modular LED chip can be controlled. 



Fig. 1 is a representative drawing of a prior art backlight; 
Fig. 2 is a representative drawing of a portable PC having a backlight; 
Fig. 3 is a drawing of an first embodiment in accordance with the present invention; 
Fig. 3 A is a graph showing representative current input and light output of the 
embodiment of Fig. 3; 

Fig. 4 is a drawing of a second embodiment in accordance with the present invention; 

Fig. 4a shows a number of waveforms for the circuit of Fig. 4; 

Figs. 4b-4c are equivalent portions of the circuit of Fig. 4; and 

Fig. 5 is a waveform of a pulse modulated light output of the circuit of Fig. 4. 



Fig. 3 is an embodiment of an LED backlight 100, including a circuit diagram of related 
driving circuitry, in accordance with the present invention. An array of RGB LEDs 110 are 
comprised of a sub-array of Red LEDs 1 10R, a sub-array of Green LEDs HOG and a sub-array 
of Blue LEDs 1 10B. The LEDs of sub-arrays 1 10R, 1 10G, 1 10B may be interleaved in a two- 
dimensional plane when, for example, the LED backlight is positioned adjacent the rear of the 
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LCD panel. The LEDs of sub-arrays 1 10R, 1 10G, HOB may have other suitable spatial 
relationship. For example, the sub-arrays 1 10R, 1 10G, HOB may be comprised of one or more 
series of adjacent banks or strips of red, green and blue LEDs when, for example, the LED 
backlight is a side or edge backlight, where waveguides and/or other optical elements are used to 
guide the light generated to the back of the LCD pixels. Driving currents Ired 104R, I _green 
104G and Iblue 104B are supplied to the red, green and blue sub-arrays of LEDs 1 10R, HOG 
and HOB, respectively, by power converter 114. 

Power converter 1 14 may in general be a power regulated converter and may be, for 
example, a fast transient (pulse current) power converter with multiple independent outputs. For 
simplicity, the driving currents in Fig. 3 are shown as the three independent current inputs 104R, 
104G, 104B to the Red, Green and Blue LED sub-arrays 110R, HOG, HOB. However, as 
known in the art, the connections of LED sub-array are typically more complex than a simple 
series or parallel connection with each LED in the sub-array. For example, if driving current 
104R supplied to red sub-array 1 10R comprised a series connection with each red LED, then a 
failure of one of the LEDs in the sub-array would cause the sub-array to fail. On the other hand, 
if driving current 104R supplied to red sub-array 1 10R comprises a parallel connection with each 
LED in the sub-array, then a short circuit in one of the LEDs may create a short in others. Thus, 
the current input 104R (as well as 104G, 104B) is usually comprised of a number of redundant 
connections to different groupings of red LEDs in the sub-array 1 10R, so that a failure or short of 
one red LED will (at most) only affect the other red LEDs in the same group and will not affect 
the red LEDs in other groups. 
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A line input or DC provides power to the power converter and control electronics 114, 
which processes and converts the provided power into current inputs 104R, 104G, 104B. Video 
processing input or image control algorithms are also supplied as input to the control electronics 
in power converter 1 14. As noted above, the light output of the LEDs have a fast response time 
(on the order of nanoseconds) and are thus usually limited to the response time of power 
converter and control electronics 1 14, namely the time that the power converter and control 
electronics 114 can generate a change in current inputs 104R, 104G, 104B to the LED sub-arrays 
1 10R, 1 10G, 1 10B after receipt or initiation of the control signal. For a typical fast transient 
(pulse current) power converter with multiple independent outputs, the current outputs 104R, 
104G, 104B may be changed on the order of microseconds. Thus, as shown in Fig. 3 a, the 
amplitude of current output I_red 104R is shown as moving above and below a (normalized) 
steady state output of 1 for a time T in the microsecond range, as regulated by the power 
converter 1 14. Since the LED response time is in the nanosecond range, the corresponding light 
output of the red LED sub-array 1 10R lm_red is shown to vary in substantially the same manner 
as the driving current Ired. 104R. (The light output graph may alternatively represent the light 
output of a particular red LED in the sub-array 1 10R.) 

The current outputs Ired 104R, Ijjreen 104G, Iblue 104B may be controlled by power 
converter so that each sub-array 110R, HOG, HOB contributes the requisite amount of red, 
green and blue light so that LED array 1 10 outputs controlled white light. The intensity of the 
white light output may likewise be controlled through the levels of the current outputs 104R, 
104Gand 104B. 
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In addition, the LED backlight 100 can be used to generate a colored backlight. For 
example, a red backlight may be created by power converter providing driving current Ired 
104R but not I_jjreen 104G and I_blue 104B. Other colors, hues and intensities may also be 
created by the power converter, providing the requisite proportional amount of currents I red 
104R, I^green 104G and Iblue 104B, for example, based on input provided by video processing 
or image control algorithms. Where the red, green and blue light of sub-arrays 1 10R, 1 10G, 
HOB are generated sequentially, the viewer will perceive the output as white light because of the 
speed of the power converter, on the order of microseconds. 

The color point and/or color content may drift over time, or may be altered by something 
else, such as a change in intensity. The driving currents I red 104R, I^green 104G and I blue 
104B may be adjusted by the power converter and control electronics to maintain the color point 
and/or color content of the resulting light output by the backlight. The power converter may 
optionally be supplied with feedback reflecting the color point and/or color content of the light 
output by an optical sensor. In addition, the fast response time (on the order of microseconds) 
allows the backlight output to be switched on and off during the average duration of a video 
frame (8.3 ms frame period for a 120 Hz frame rate). Thus, the LED backlight may be used to 
eliminate artifacts that arise on current LCD displays when displaying fast moving video. 

The fast (microsecond) output of LED backlight 100 of Fig. 3 may also be used with 
video processing or image control algorithms, such as previously described. As noted, the 
current outputs I_red 104R, I^green 104G, I blue 104B may be varied on the order of 
microseconds, with a commensurate temporal reactibn in light outputs from the LED sub-arrays 
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11 OR, 1 10G, 1 10B (or portions thereof). Thus, the video processing or image control algorithms 
may control the power converter 114 and the outputs 104R, 104G, 104B such that the 
backlighting hues, intensities, etc., provide or supplement the image output of the LCD display. 
In general, the color point and/or color content may be adjusted to reflect the background light of 
the image or other lighting level related to the image. For video display, for example, the 
backlighting may be changed from a light blue (corresponding, for example, to an outdoor image 
displayed on the LCD) to a dark brown (corresponding, for example, to a interior scene) over an 
interval on the order of microseconds and thus can be readily changed from one video frame to 
another (on the order of 8.3 ms for a 120 Hz frame rate). This provides a smoother partial visual 
transition from one scene to another on the display that cannot be captured by the LCD itself, 
which has a slower response (refresh) rate that is on the order of 50 milliseconds. Alternatively, 
the backlight may be set at a particular color point and/or color content for display of a number 
of video frames or a static or slowly changing image. 

While Fig. 3 a shows the current and resulting light output to the LEDs being controlled to 
provide a change in the amplitude in the pulse around a norm, or a "pulse-amplitude 
modulation", the currents and resulting light output may also be controlled to provide for pulses 
of different widths (thus a "pulse-width-modulation") and/or changes in the number of pulses per 
unit time (thus a "pulse-frequency-modulation"). These different types of modulations, or 
combinations thereof, may be used for image enhancement, contrast control, color compensation, 
etc. 

Fig. 4 depicts a second exemplary embodiment of an LED backlight according to the 
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invention. The drive circuitry of Fig. 4 will be readily recognized by one skilled in the art as 
comprising a multiple output, clamped mode flyback power converter. An ac voltage source 204 
is connected in the manner shown in Fig. 4 with inductors 206a, 206b and capacitor 208, thus 
providing an EMI suppression filtering of the power converter. Diodes Du, Dib, Di c , 
comprise a full wave rectification bridge circuit which provides full wave rectification of the ac 
input of ac source 204. Capacitor C 0 smooths the rectified ac signal further into a first order dc 
voltage that is provided across points X-Y of Fig. 4. 

The converter circuitry between points X and Y of Fig. 4 include the primary winding Nl 
of a multiple output transformer 220, switch Qi and resistor Ri. (Resistor Ri has a low resistance 
to provide current sensing for controller 224; because it has a low resistance, its influence on the 
operative aspects of the circuit is minimal and will thus be ignored in the description.) Multiple 
output transformer 220 has three secondary windings N2, N3 and N4 that are each magnetically 
coupled to the primary winding. Secondary windings N2, N3, and N4 are included in LED sub- 
array circuits 210R, 210G, 210B of an RGB LED array, described further below. (The electronic 
components and circuitry associated with the entire circuit shown in Fig. 4 provides the driving 
electronics of the LEDs. However, LED sub-arrays 21 OR, 210G, 21 0B are separately labeled 
and referred to below, for ease of description.) As known in the art, capacitor Ci and switch Q2 
comprise the clamping feature of the circuit. 

As known in the art, the combination of primary winding Nl of multiple output 
transformer 220 and switch Qi comprise the flyback converter aspects of the power converter. 
Switch Qi is cycled on and off by central controller 224. When Qi is on (closed), the rectified 
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voltage applied across X-Y drops across primary winding Nl; when Qi is off (open), the 
rectified voltage drops across switch Qi. Referring to Fig. 4a, waveform i represents two 
switching cycles of switch Qi, each having a period on the order of 10 microseconds (us). The 
voltage Vni across primary winding Nl for the Qi "on" portion of the cycles equals the rectified 
ac voltage applied across X-Y (since, as noted, the voltage drop across Ri is ignored for the 
discussion). This is shown in waveform ii, where Vni equals Vx-y during the Qi on half cycle 
and has a magnitude of approximately 170 V. During the Qi "on" portion, current flows in the 
primary winding Nl, shown in waveform iii as im, which is also the current between points X 
and Y, i X -v. 

When switch Qi is M ofF', the circuit between points X and Y is open. There is a negative 
voltage across primary winding Nl induced by the secondary windings N2-N4 (see waveform ii) 
when Qi is off. 

During the "on" portions of a switching cycle of switch Qi a voltage Vx*-y* is created 
across points X' and Y' in LED sub-array 21 OR due to the induced voltage in secondary winding 
N2 created by current ini in the primary winding Nl . (Like voltages are created in the other 
secondary windings N3, N4, but secondary winding N2 and its associated sub-array circuit 21 OR 
will be focused on.) By the dot convention of N2, the current im induces a negative voltage Vx*. 
v when Qi is on, as shown in waveform iv of Fig. 4a. Because Vx»-y' applied to secondary circuit 
21 OR is negative, diode D2 prevents a current flow in the sub-array 21 OR when Qi is on, as 
shown in waveform v of Fig. 4a. However, when Qi is on, magnetic energy is stored in the 
magnetizing and leakage inductances of transformer 22. This magnetic energy is released during 
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the half-cycle when Qi is off, thus applying a positive voltage V^-v to secondary circuit 21 OR, 
as shown in waveform iv. Because voltage Yx-y* is positive, a current flows through diode D 2 
when Qi is off, as shown in waveform v of Fig. 4a. 

When current flows through diode D 2 during the Qi "off" half-cycle as shown in 
waveform v of Fig. 4a, it acts to charge capacitor C 5 . During the Qi "off 1 portion of the half- 
cycle, the built up charge on capacitor C$ tends to sustain a relatively constant voltage of Vro 
across points X"-Y" of LED sub-array 210R. Thus, focusing on LED sub-array 210R, the entire 
circuit to the left of points X"-Y M may be replaced with a voltage Vro, as represented in Fig. 4b. 
(The components shown in Fig. 4b are part of the power converter and thus the drive circuitry of 
the red LEDs, but are also recognized as one skilled in the art as the load of the power 
converter.) The level of the voltage V R0 applied to LED sub-array 210R is a function of (among 
other things), the duty cycle of switch Qi (a measure of the lengths of the on and off portions of 
the switching cycle, such as that shown in waveform i of Fig. 4a, which is controllable by 
controller 224) and the turns ratio between the primary winding Nl and the secondary winding 



Green and Blue LED sub-arrays 210G, 21 OB may likewise be represented as shown in 
Figs. 4c and 4d having applied voltages of Vgo and Vbo, respectively, generated by the circuitry 
of Fig. 4 as described above. The voltage Vgo applied to LED sub-array 210G is a function of 
the duty cycle of switch Qi and the turns ratio between the primary winding Nl and the 
secondary winding N3. Similarly, the voltage Vbo applied to LED sub-array 21 OB is a function 
of the duty cycle of switch Qi and the turns ratio between the primary winding Nl and the 
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secondary winding N4. As described in further detail below, the applied voltages Vro, Vgo, Vbo 
establish a maximum level of light output by each LED sub-array 21 OR, 210G and 21 OB, 
respectively. 

Since the turns ratios between the primary winding Nl and the secondary windings N2, 
N3, N4 of transformer 220 are fixed, the voltages Vro, Vgo, Vbo applied to LED sub-arrays 21 OR, 
210G and 210B, respectively, are controlled by controller 224 by controlling the duty cycle of 
switch Qi. Since voltages Vro, Vgo, Vbo establish the maximum level of light output of LED 
sub-arrays 21 OR, 210G and 21 OB, respectively, the maximum level of light output by LED sub- 
arrays 210R, 210G and 210B, respectively, are likewise controlled by controller 224 (Fig. 4) by 
controlling the duty cycle of switch Qi. A "panel light setting" input to central controller 224 
(controlled, for example, by a user or other input, including video input) adjusts the duty cycle of 
Qi and thus the maximum light output of LED sub-arrays 210R, 210G and 210B. 

An optical sensor 226 also provides a optical sensing feedback signal to the central 
controller 224 that may be used to adjust the duty cycle of Qi and thus the maximum level of 
light output of LED sub-arrays 210R, 210G and 210B. Similarly, a temperature sensor 228 also 
provides a temperature sensing feedback signal to the central controller 224 via an over- 
temperature (O.T.) protection unit 230 that may be used to adjust the maximum level of light 
output of LED sub-arrays 210R, 210G and 210B (and thus temperature) by adjusting the duty 
cycle of Qi. 

As noted, LED sub-arrays 210R, 210G, 210B generate the light output of the LED 
backlight 200 using the applied voltages V R0 , Vgo, Vbo, respectively, as represented in Figs. 4b- 
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4d. Since each LED sub-array 210R, 210G, 210B has like components that are similarly labeled 
in Figs. 4b-4d, for ease of description LED sub-array 21 OR in Fig. 4b will again be described in 
greater detail. Like descriptions apply to the green and blue LED sub-arrays 210G, 21 OB. One 
LED 23 OR is used in Fig. 4b to represent all of the LEDs in the sub-array 21 OR. Thus, the other 
red LEDs in sub-array 21 OR have power supplied and are regulated in like manner as LED 23 OR. 
As noted in the description of Fig. 3, the actual electrical configuration of the red LEDs in the 
sub-array 21 OR may have redundancies, etc. 

Assuming that switch Q5 of Fig. 4b is turned on (and maintained on for a sustained 
interval), the applied voltage Vro creates a maximum current Imax through red LED 23 OR, 
flowing from point X", through closed switch Q 5 , red LED 230R and resistor R 2 , to point Y". 
The current Imax through LED 23 OR is generated by a foil application of V R0 to the circuit and 
thus provides the maximum level of light output by red LED 23 OR. The current through red 
LED 23 OR and thus the light output of red LED 23 OR, may be varied by switching switch Q 5 on 
and off. When Q 5 is switched off, the current supplied by applied voltage V R0 is interrupted and 
the current immediately falls to zero. 

Thus, switching Q5 on and off in a cyclical manner causes the current through red LED 
23 OR to rise and fall in a cyclical manner, thus resulting in a cyclical rise and fall in the light 
output of red LED 230. Controller 23 2R independently controls the switching of switch Q 5 . The 
duty cycle set by controller 232R controls the amount of time that Q5 is turned on and off in a 
switching cycle. Controller 23 2R and switch Q 5 have response times on the order of 
microseconds; thus, the duty cycle may be on the order of microseconds. The cyclical switching 
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establishes an average current through red LED 23 OR at a point below Imax and, consequently, 
an average light output below the maximum level. Because of the fast switching duty cycle (on 
the order of microseconds), the eye integrates the output of the red LED 23 OR as the average 
value. 

Where the duty cycle of Q5 is constant, there is thus a pulse amplitude modulation of 
light output of red LED 230, an example of which is shown in Fig. 5. (In the example of Fig. 5, 
switch Q5 is operated in the active region so that the current through the LED is altered from a 
high to a low value, but not completely turned off Thus, the light output varies between a high 
and low value.) Other switching patterns may provide other types of light modulation. For 
example, altering the frequency of the duty cycle may provide a pulse-frequency modulation, 
while altering the relative values of the on and off portions of the duty cycle may provide a 
pulse-width modulation. By operating switch Q5 in the active region, the magnitude of the 
current going through LED can be modulated. Combinations of different modulations are also 
possible to achieve a desired backlighting effect. 

In like manner, the light output of green and blue LED sub-arrays 210G, 21 OB are 
independently controlled by independent controllers 232G, 232B. Thus, independent controllers 
23 2R, 23 2G, 23 2B determine the relative output of red, green and blue light, respectively, output 
by LED sub-arrays 21 OR, 210G, 21 OB, respectively. Since the duty cycle of each controller (and 
the resulting cyclical change of light output) is on the order of microseconds, the eye integrates 
the separate color outputs into a resulting color composite. Thus, controllers 232R, 232G, 232B 
may be used to regulate the color point and/or color content of white light generated. In 
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addition, they may generate a backlight have a color (i.e., non-white) hue. 

The switching times of Q5, Q3 and Q4 are on the order of a microsecond. (It was 
previously noted that the "off' portion of the duty cycle of Qi, which may be used to adjust the 
overall intensity of the LED backlight, is likewise on the order of microseconds.) Thus, the 
color point and/or color content of the backlight output by LED sub-arrays 21 OR, 210G, 21 OB 
can be changed (or maintained) on the order of microseconds. 

As noted, the LED output of the red, green and blue LED sub-arrays 210R, 210G, 210B 
are independently controlled by controller R 232R, controller G 232G and controller B 232B, 
respectively. Current reference signals Ir, Ig and Ib may be provided to controller R 23 2R, 
controller G 232G and controller B 232B, respectively, for example, by a DSP control board 
loaded with control algorithms. Current reference signals Ir, Ig and Iemay also be generated, for 
example, by a microcontroller programmed with one or more specific applications, or by a video 
feed. Controllers 232R, 232G, 232B separately control the red, green and blue light output of 
LED sub-arrays 21 OR, 210G, 210B each in the manner described above, as determined by input 
levels Ir, Ig and Ib. The backlighting hue and composition and color output by the backlight 200 
will depend on the mix of red, green and blue light levels as determined by input levels Ir, Ig and 
Ib. Feedback to the controllers, such as the voltage across the LED 23 OR (i.e., V 0 2- Vr2) and the 
voltage across resistor R2 (i.e., Vr2- gnd) may be fed back to controller 232R to adjust switching 
of Q5 so that the current through LED 23 OR is in accordance with signal Ir. Like feedback 
signals are used in the other controllers 232G, 232B. Changes in the current signals Ir, Ig and Ib, 
which may be on the order of 8.3 ms if, for example, they represent the background light level of 
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a video frame input at a 120 Hz frame rate, can be effected by controllers 23 2R, 23 2G, 23 2B by 
changing the light output of LEDs 230R, 230G, 230B, since they have a response time on the 
order of microseconds as described above. 

The LED backlight of Fig. 4 may thus be switched on and off within a fraction of a frame 
period of a video signal (typically a 8.3 ms frame period for a video frame rate of 120 Hz). The 
LED backlight may thus be used to eliminate artifacts that arise when video is displayed by 
current LCD displays (typically having a response time on the order of 50 ms). The light output 
of the sub-arrays of the LED backlight of Fig. 4 may also be adjusted so that the color point 
and/or color content is maintained over time. (Thus, if there is a change in color point or color 
content due to drift, a change in intensity, or other factor, the color point and/or color content 
may be adjusted back to the desired point on the order of microseconds.) In addition, the fast 
response time allows the color point and/or color content output by the LED display to be 
changed for every video frame to provide, for example, the background light level or 
composition desired. This allows the LED display to provide some of the video information 
displayed. In addition, the color point and/or color content may be changed for select video 
frames or segments of video frames. For example, a commercial for a cold beverage may use a 
"cooler" color temperature (color point) for the backlight. The color content and/or color point 
may also be adjusted, of course, for a static or slow changing image displayed on the LCD (such 
as an internet page, or a word processing document). 

As noted above, the LED backlight may also be used in other than a traditional 
backlighting capacity for an LCD display. The LED backlight may supply the color content for 
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the portion of the image displayed by individual pixels of the LCD display, thus eliminating the 
need to have color filters for the pixels of the LCD. It also eliminates the need for having 
separate red, green and blue "sub-pixels" for each pixel in the LCD array, thus offering better 
resolution. 

For example, where the LED backlight is a side or edge backlight, waveguides and/or 
other optical elements guide the red, green and blue light generated from the LED sub-arrays to 
the rear of the LCD pixels. The controllers of the power converters (for example, controllers 
232R, 232B, 232C of Fig. 4) may be programmed, for example, to provide a repeating cycle of 
red, green and blue light at predetermined levels from the respective sub-arrays to the pixels of 
the LCD display. Each color in the cycle is sustained by the respective controller for an interval 
approximately equal to the response time of the LCD pixels. Thus, for each incident color, each 
LCD pixel in the display may be addressed to transmit the amount of that color for the portion of 
the image to be displayed at the pixel. Over each cycle of red, green and blue output by the LED 
backlight, each LCD pixel is thus addressed to transmit the requisite amount of red, green and 
blue light in the image to be displayed at that pixel. The viewer's eye integrates the sequence of 
red, green and blue light metered by the LCD pixel and perceives the image color. 

As an exemplary illustration of the working principle, such use of LED backlights as 
providing color content for the displayed image (thus replacing the need for color filters) is 
achievable using LCDs. As noted, typical LCD response times are currently on the order of 50 
milliseconds. Thus, the LED backlight may provide red, green and blue light to the LCD pixels, 
each for a duration of 50 milliseconds (i.e., a repeating cycle of 150 ms). (The power converters 
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of Figs. 3 and 4 may, for example, be controlled to turn off green and blue sub-arrays while the 
red output is generated for a 50 millisecond interval, etc. Thus, for this application alone, the 
response time of the power converter need only be on the order of 50 milliseconds or, generally, 
the response time of the LCD.) For the 50 ms interval of red light output by the LED backlight, 
each LCD pixel is addressed to allow transmission of the proportion of red light corresponding to 
the red content of the image at that pixel. For the subsequent 50 ms interval of green light, each 
LCD pixel is addressed to allow transmission of the proportion of green light corresponding to 
the green content of the image at that pixel Finally, for the subsequent 50 ms of blue light, each 
LCD pixel is addressed to allow transmission of the proportion of blue light corresponding to the 
blue content of the image at that pixel. Thus, over cycles of 150 millisecond intervals, the 
requisite proportion of red, green and blue light corresponding to the image to be displayed is 
output by each pixel, and the eye integrates the pixel output into the corresponding color of the 
image. With faster LCD response times, the 150 millisecond interval will decrease and the 
integration by the eye will provide for even sharper images. The addressing of each LCD pixel 
may correlate, for example, to frames of a video feed. 

Although illustrative embodiments of the present invention have been described herein 
with reference to the accompanying drawings, it is to be understood that the invention is not 
limited to those precise embodiments, but rather it is intended that the scope of the invention is 
as defined by the scope of the appended claims. 
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